Recurrence plot technique of DNA sequences is established on metric representation and employed to analyze correlation structure of nucleotide strings. It is found that, in the transference of nucleotide strings, a human DNA fragment has a major correlation distance, but a yeast chromosome's correlation distance has a constant increasing.
Introduction
The heredity and variation information of all organisms is embodied in DNA sequences. To understand the one-dimensional symbolic sequence made of four letters A, C, G, and T , some statistical and geometrical methods are developed in bioinformatics. Chaos game representation (CGR) [1] , which generates a two-dimensional square from a one-dimensional sequence, provides a technique to visualize the composition of DNA sequences. The characteristics of CGR image is described as genomic signature [2] . A visualization scheme of the string composition of DNA sequences is proposed and used to trace evolutionary relatedness of species [3, 4] . Recently, a one-to-one E-mail address: wuzb@lnm.imech.ac.cn (Z.-B. Wu). metric representation (MR) [5, 6] is proposed to make an ordering of subsequences in a plane and determine suppression of certain nucleotide strings in DNA sequences. By using the MR method, self-similarity limits of genomic signatures are determined as optimal string lengths for generating the genomic signatures [6] .
For a chaotic system, the dynamical trajectory is always attracted in a finite set. To depict the finite set, i.e., measure its self-similarity, information dimension is designed [7] . At the same time, to describe the ergodicity of trajectory, i.e., reflect natural time correlation information of dynamical system, a recurrence plot technique is presented [8] . The methods can be used to diagnose unknown dynamical information from an experimental time series. Especially, by using the tool of recurrent plot, dynamical assessment of physiological systems is illustrated [9] , nonrandom dynamical components in synaptic noise of central neurons are evidenced [10] and structure-function relationships of proteins are quantified [11] .
In DNA sequences, correlation structure of nucleotide strings, as an important part of the DNA architecture, is covered in the transference of nucleotide strings. In addition, DNA transposable elements, which are found in all organisms, have ability to move from place to place and make many copies within the genome via the transposition [12, 13] . In general, the correlation structure of nucleotide strings can provide an understanding of the elements transposition in an extensive region. In this Letter, using the MR method, we extend recurrence plot technique to analyze correlation structure of nucleotide strings and determine transference of nucleotide strings.
Method
A DNA sequence is a one-dimensional symbolic sequence
In a two-dimensional MR, we make a correspondence of points (α, β) and subsequences Σ m = s 1 s 2 . . . s m (1 m N ). Subsequences with the same ending k-nucleotide string, which are labeled by k , correspond to points (α, β) in the zone encoded by the k-nucleotide string. For a given k-nucleotide string, we have a set k and a correspondent zone size k = 3 −k . Taking a subsequence Σ i ∈ k , we calculate
we plot a point (i, j ) in a plane. If Σ j is taken from the beginning of one-dimensional symbolic sequence and shifted forward, we plot all correspondent points in the plane and obtain some points at the position i. When the position i is moved from the beginning of one-dimensional symbolic sequence, Σ i belongs to another k-nucleotide string set. Repeating the above process, we obtain a recurrence plot of the DNA sequence. In the recurrent plot, there exists a mirror symmetry with respect to the diagonal i = j . A point in the recurrence plot means that two subsequences Σ i , Σ j ∈ k have a distance |j − i| in the DNA sequence. Along with the increase of k, each zone size in the MR plane decreases. For a given Σ i , neighboring points (encoded by Σ j ) of its correspondent point in the zone decrease, so that the points (i, j ) in the recurrence plot plane decrease.
To quantify the correlation structure in recurrence plot plane, we define a correlation intensity at a given correlation distance l
The quantity displays the transference of all k-nucleotide strings with the correlation distance l in the DNA sequence.
Results

Correlation structure of HUMHBB
To display properties of recurrence plots, we take HUMHBB (human β-region, chromosome 11) with 73308 bases as an example and draw the recurrence plots for k = 7, 9, 11, 13 and 15. Along with the increase of k, a point density in the recurrence plot plane decreases monotonically. The recurrence plot with a high density is easier to investigate global properties than that with a low density, but to find local properties such as the transference of long nucleotide strings, latter is better. In Fig. 1(a) , a recurrence plot of HUMHBB for k = 9 is plotted. Beside a high and a low densities appear locally in the recurrence plot plane, most of regions have a similar distribution density, i.e., the transference of 9-nucleotide strings in HUMHBB is well-distributed. The high and low densities display that the 9-nucleotide strings at the position close to one third of sequence length have a high frequency in the themselves positions and have a low frequency near the ending position of sequence.
To analyze local properties in the recurrence plot plane, we move to the coarse-grained recurrent plot for k = 15. In Fig. 1(b) , there exist some short and long lines, which parallel to the diagonal. The diagonal parallel lines describe that some long nucleotide strings (> k) are transfered in the sequence. Especially, at the same i position, several short parallel lines with different correlation distances appear. They correspond to that a long nucleotide string is copied many times. For example, five short parallel lines near i = 5800 correspond to that a 21-nucleotide string g 2 ag 2 ctgag 2 cag 2 aga 2 tc repeats four times, i.e., the first one exists at position 5797 to 5817 in the diagonal labeled by 1, the second one exists at position 10783 to 10803 labeled by 2, the third one exists at position 18077 to 18097 labeled by 3, and the fourth one exists at position 66936 to 66956 la- beled by 5, as well as its subsequence, a 20-nucleotide string g 2 ag 2 ctgag 2 cag 2 aga 2 t, repeats two times, i.e., the first one occurs in the range of 5797 to 5816 in the diagonal labeled by 1 and the second one occurs in the range of 44962 to 44981 labeled by 4. The five nucleotide strings have different correlation distance, that leads to the global transference of nucleotide strings. When many neighboring nucleotide strings are transfered with the same correlation distance, a long parallel line appears in the recurrence plot plane. It displays the local transference of nucleotide strings. From the recurrence plot, transference of long nucleotide strings can be determined. In order to preserve the total number of long nucleotide strings is not too large, we take the cut-off threshold of 30 nucleotides. In Table 1 , all repeated k( 30)-nucleotide strings and their correspondent positions in HUMHBB are presented. Many long nucleotide strings have correlation distances 4916 and 4936, which correspond to long parallel lines in the center of Fig. 1(b) . The longest one, which has the correlation distance 4936, is a 1058-nucleotide string t 2 a . . . gtg positioned in the ranges of 34503 to 35560 and 39439 to 40496. Fig. 2 displays the correlation intensity Ξ(l) at different correlation distance l for k = 15. When k is taken as 9, the global behavior in Fig. 2 is still preserved. The maximal correlation intensity appears at l = 4936, i.e., transference of 15-nucleotide strings over 4936 is the most powerful. At the correlation distance l = 4916, the correlation intensity reaches the second local maximal value. For other correlation distance, the correlation intensity is not larger than one tenth of the maximal one. The properties give an evidence that the transference of nucleotide strings in HUMHBB has a major correlation distance.
Correlation structure of Yeast1
Recurrence plots of Yeast1 (Saccharomyces cerevisiae yeast, chromosome 1) with 230209 bases for k = 11 and 15 are displayed in Fig. 3(a) and (b) . Most parts of the pattern in Fig. 3(a) are similar to those in Fig. 1(a) . In the comparison of coarse-grained recurrence plots, a difference of Fig. 3(b) from Fig. 1(b) is two square sets of points near the diagonal, which are labeled by 1 and 2. A square set of points consists of many diagonal parallel lines, which correspond to many neighboring repeated nucleotide strings with a basic correlation distance. The transference of nucleotide strings is a local behavior. For example, in the square set 1, a 95-nucleotide string at 2 . . . g 2 t repeats two times at its neighboring region. They are distributed in the ranges of 25739 to 25833 and 25874 to 25968 and have a correlation distance 135. We take the correlation distance 135 as a basic one. A 101-nucleotide string gta . . . ac 2 repeats three times at its neighboring region. The first one exists at position 25751 to 25851, the second one exists at position 26561 Table 2 , we present the transference of k( 90)-nucleotide strings and their correspondent positions in Yeast1. In the same way, we take the cutoff threshold of 90 nucleotides. The repeated longest nucleotide string tga . . . aca has 337 letters and the correlation distance 5588. It distributes in the ranges of 160239 to 160575 and 165827 to 166163. Many long nucleotide strings have correlation distances, which are integer times of the basic correlation distance. Fig. 4 displays the correlation intensity Ξ(l) at different correlation distance l with k = 15. The global behavior is preserved even when k is changed to 11. In a difference from Fig. 2 , there exist some parallel lines with the same distance. The maximal correlation intensity appears at l = 135. Then, when the correlation distance increases with 135, the correlation intensity arrives at a local maximum. In the global properties, the local maximal correlation intensity decreases monotonically. The properties give an evidence that in the transference of nucleotide strings of Yeast1, its correlation distance has a constant increasing.
Conclusion
In summary, by using metric representation, recurrence plot technique is extended to analyze correlation structure of nucleotide strings in DNA sequences. In the correlation structure, some diagonal parallel lines correspond to global and local transference of nucleotide strings in the sequences. The correlation structure is quantified by correlation intensity, which can be used to display transference of nucleotide strings in the DNA sequences. It is found that, in the transference of nucleotide strings, HUMHBB has a major correlation distance, but Yeast1's correlation distance has a constant increasing.
